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(57) Abstract 

A system for stabilizing fibrobtast-derived growth factors, maintaining their bioactivity over a prolonged period of time 
and controllably releasing them Tor use is disclosed. The system uses growth factors bound to biocompatible substrates via hepar- 
in or heparin derived compounds to maintain the bioactivity of the growth factors. A growth factor bound to a hepar.n coated 
substrate can be used independently as a controlled release device, or can be incorporated into a reservoir or matrix type con- 
trolled release device to further enhance the controlled release properties. The stabilized growth factors can be implanted into a 
patient thereby providing a means for producing an in vivo controlled release of a growth factor to the patient. 
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CONTROLLED RELEASE SYSTEMS CONTAINING HEPARIN 
AND GROWTH FACTORS 

Description 

Background of the Invention 

5 It has become apparent that blood-borne and 

blood vessel bound factors play a major role in the 
propagation and persistence of a large number of 
diseases in many different fields of medicine. The 
growth of tumors, progression of arthritis, and 

10 propagation of atherosclerosis are but a few of the 
important clinical scenarios in which growth factor 
(GF) control has been demonstrated. 

This control is presumed to stem from the basic 
dependence of these diseases, and others like them, 

15 on blood vessels for nourishment and support. The 

growth and replication of the endothelial cells that 
line the blood vessels and the smooth muscle cells 
that surround the blood vessels appears to be 
modulated by an expanding family of GFs. The grov/th 

20 factors that stimulate endothelial cells have a 

strong affinity for heparin. As such, the" effects 
of heparin and heparin avid growth factors and their 
inhibitors are the subject of extensive study. 
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While heparin avid growth factors are highly 
potent, they tend to degrade rapidly and are cur- 
rently in short supply. Thus, they cannot be 
ingested or injected and in vivo studies, if poss- 

5 ible at all, are limited to only the most short term 
effects of minute quantities of factor. 

The technology of controlled drug delivery 
provides an effective means of storing and deliver- 
ing a wide variety of pharmaceuticals. Unfor- 

10 tunately, the development of a controlled release 
growth factor system has been hindered by a number 
of significant problems. Key among these are 
denaturation and loss of biological activity when 
such factors are stored for prolonged periods, as 

15 well as enhanced loss when exposed to the procedures 
of standard controlled release device (CRD) fabrica- 
tion. For example, even if stored in the most 
concentrated formulations at optimum temperatures, 
over 9 0% of the biological activity of many growth 

2 0 factors is lost in four weeks. 

In addition, conventional means of CRD 
encapsulation press or dissolve an encapsulating 
material around the pharmaceutical. This generally 
requires exposing a mixture of the pharmaceutical 

25 and the encapsulating material to an elevated 

temperature, pressure or ionic strength. Extremes 
of pH or contact with organic solvents might also be 
required. Each of these exposures is known to 
drastically denature growth factors. 

30 Additionally, simply encapsulating microliter 

quantities of growth factors has proven problematic. 
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It is exceedingly difficult to obtain uniform 
dispersion of such a small quantity of liquid within 
any of the conventional controlled release devices. 
Attempts to overcome this drawback by dilution with 

5 other liquids or lyophilization of the growth 

factors in combination with other powdered materials 
have enhanced the loss of biological activity. 

Thus, a need exists for a method for preventing 
the denaturation and loss of bioactivity of growth 

10 factors when stored for prolonged periods. Addi- 
tionally, a need exists for a controlled release 
device compatible with growth factors that would 
allow them to be released at a generally uniform, or 
at least predictable, rate over a period of time. 

15 Summary of the Invention 

This invention pertains to a device for 
stabilizing heparin bound growth factors and con- 
trolling their release rate. More specifically, 
this invention pertains to a device wherein growth 

20 factors which bind to heparin and heparin-der ived 
substances are stabilized by forming a complex 
between a growth factor and heparin or heparin- 
derived substances and binding the complex to a 
biocompatible substrate. The biological activity of 

25 growth factors contained in this heparin/growth 
factor complex has been found to be significantly 
maintained over prolonged time periods, especially 
when compared to unbound growth factor samples. 

The stabilized growth factors of this invention 

30 exhibit a controlled release from heparin-bound 
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substrate surfaces. This controlled release can be 
further enhanced by incorporating the growth 
f actor/heparin/substrate unit into a conventional 
controlled release device. Satisfactory results 

5 have been demonstrated using the two basic types of 
CRDs, reservoir-type and matrix-type controlled 
release devices. Both types of controlled release 
devices are suitable for implantation and in vivo 
release of growth factors. 

10 The advantages of this invention include the 

ability to store growth factors for prolonged 
periods while maintaining a significant amount of 
biological activity, and the ability to incorporate 
growth factors into devices for controllable release 

15 over extended periods without destroying biological 
activity. The devices of this invention are simple 
to produce, easy to store and use, and inexpensive 
when compared to the cost of the growth factor 
itself. 

2 0 Brief Description of the Drawings 

Figure 1 is a plot of the release rate and 
bioactivity over time for f ibroblast-derived growth 
factor (FGF) bound to hepar in-coated dextran beads. 
Figure 2 is a plot of the release rate and 
2 5 bioactivity over time for a heparin-bound FGF 
suspended in a sodium alginate capsule. 

Detailed Description of the Invention 

The methods described herein have been found to 
30 work successfully with fibroblast derived growth 
factor (FGF) because of its heparin affinity. 
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Fibroblast derived growth factors (both acidic 
and basic) are 154-amino acid polypeptides blocked 
at the amino terminus. They are believed to play a 
major role in angiogenes is , response to injury and 

5 tissue repair. A more detailed discussion of 

various FGFs and related growth factors is presented 
by Folkman and Klagsbrun in Science , 235 , 44 2 
(1987), the teachings of which are incorporated 
herein by reference. Unfortunately, as stated 

10 previously, FGF tends to denature and lose activity 
when stored for prolonged periods of time, es- 
pecially at elevated temperatures. 

Heparin is a heterogenous group of straight- 
chain anionic mucopolysaccharides, called 

15 glycosaminoglycans , of molecular weights that 

average 15,000 daltons. Commercial heparin com- 
prises polymers of two repeating disaccharide units: 
D-glucosamine-L-iduronic acid and D-glucosamine-D- 
glucuronic acid. Heparin is strongly acidic because 

20 it has a high content of covalently linked sulfate 
and carboxylic acid groups. 

Related to heparin, and therefore also useful 
with, this invention are substances such as heparan 
sulfate. As used herein, however, unless 

25 specifically distinguished, the term heparin is 
intended to apply to both heparin and 
heparin-derived compounds such as heparan sulfate. 

Heparin and heparin-derived compounds have been 
found to stabilize many of the storage losses of 

3 0 FGF, especially those resulting from elevated 

temperatures. Furthermore, the stabilizing effect 
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of heparin and derived substances has been combined 
with its ability to bind FGF. This binding ability 
allows the formation of a stable growth factor 
carrier in a solid form. 

5 More specifically, heparin can bind to the 

surfaces of a wide variety of materials by enzymatic 
linking. Thus, growth factors that can bind to 
heparin, such as the FGFs, can then be made to stick 
to the surface of these materials, thereby allowing 

10 the use of a variety of sustained release devices 
using growth factors. 

A variety of controlled release devices can be 
produced which utilize the induced stability of 
growth factors when bound to heparin. The two basic 

15 CRDs are reservoir and matrix systems. In a 

reservoir CRD, the material to be released is housed 
within a porous envelope. The envelope surrounds a 
central core or reservoir of solid, liquid or gas 
which contains the material to be released. The 

2o core material must be able to diffuse through the 
envelope material and the rate of release depends 
upon the rate of diffusion as well as the porosity 
and tortuosity of pores within the envelope. Large 
molecular compounds, therefore, are poorly and 

25 erratically released from these systems. 

Controlled release of large molecular compounds 
can be achieved by using a matrix type CRD. In this 
system, the substance to be released is incorporated 
within the wall of the device. The word "matrix" 

3 0 refers to the homogeneous dispersion of drug through 
the wall of supporting material. The substance to 
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be released is mixed as a dry powder with the 
supporting material. The mixture is then fabricated 
into a single monolithic device. The powder creates 
"caves" or channels within the device whose support- 

5 ing walls are made up of the second material. If 
the molecular weight of the substance is large 
enough, it will not diffuse through the walls; 
rather, it must pass through the tortuous network of 
connecting channels to be released. The rate of 

10 release is dependent upon the ability of the 

environmental fluid to enter the matrix, solubilize 
the substance or drug, and leach the solubilized 
substance out of the matrix. The leaching time is 
determined not only by the net dif f usitivities of 

15 the substance and its solvent, but also by the 
porosity, tortuosity and hydrophil icity of the 
matrix and the size and concentration of the sub- 
stance embedded within the device. 

Both reservoir-type and matrix-type CRDs can be 

20 produced from biocompatible materials. Use of such 
materials allows the device to be implanted into a 
patient, thereby providing an in vivo controlled 
release of growth factor to the patient. 

Regardless of whether a reservoir or matrix CRD 

25 is to be used, it is first necessary to provide a 
heparin/growth factor complex bound to an im- 
mobilizing substrate. One suitable variety of 
substrates is the family of crosslinked dextran 
beads. As used herein, the term beads refers to 

30 small, discrete particles upon which a substance can 
be bound. Often, although not always,, the beads 
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useful in this invention are porous and are formed 
from polymers. A preferred bead substrate comprises 
diethylaminoethyl (DEAE) -substituted dextran beads. 
These beads are commercially produced by Pharmacia 

5 Fine Chemicals, Inc., Piscataway, NJ, under the 

tradename DEAE-Sephadex A50, an ion exchange system. 
Chemically, these beads are formed from a cross- 
linked dextran matrix having diethylaminoethyl 
groups covalently bound to the dextran chain. As 

10 commercially available, DEAE-Sephadex A50 beads are 
believed to have a particle size of 40-120 um and a 
positive charge capacity of about 5.4 meq per gram 
of dry, crosslinked dextran (ignores weight of 
attached DEAE moieties) . Other anion exchange 

15 resins, such as DEAE-Sephadex A25, QAE-Sephadex A50 
and QAE-Sephadex A2 5 are suitable. Uncharged 
crosslinked dextran beads sold by Pharmacia under 
various Sephadex and Sepharose tradenames are also 
suitable for use with this invention. 

2 0 In a preferred embodiment of the invention, the 

growth factor is bound to heparin after the heparin 
is bound to a substrate such as the previously 
described dextran beads. Crosslinked dextran beads 
having bound heparin are available commercially, or 

25 alternatively, can be produced by using cyanogen 
bromide to activate the surface of the beads, 
thereby allowing the surface to accept heparin. If 
growth factor is then passed over the beads, it 
sticks to the heparin which is bound to the bead 

30 surface. Tests using radiolabelled growth factor 

have demonstrated that over 8 0% of the growth factor 
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passed over heparin-coated beads becomes bound to 
heparin. 

Heparin-bound growth factor leaches off the 
beads at a steady and sustained rate. If desired, 

5 however, the growth factor can be almost entirely- 
stripped from the beads by exposing them to high 
salt concentrations such as 3.0 M NaCl. 

The rate of growth factor released from the 
heparin-coated beads has been studied both radio- 

10 actively and bioactively. The radioactive data 

relates to the physical presence of growth factor, 
while the bioactive data relates to the biological 
activity of the material which is being released. A 
composite graph of both radioactive data and bio- 

15 active data is presented in Figure 1. 

Figure 1 represents the rate of FGF release 
from heparin-sepharose beads. The radioactive data 
was compiled using FGF radiolabelled with iodine- 
125, ( 125 I), designated in the Figure as 1*125. The 

20 bioactive data was compiled using a 3T3 assay and is 
designated in the Figure as 3T3 . The 3T3 assay is 
described in detail by Sullivan and Klagsburn in J . 
Tissue Culture Meth . , 10 (2) , 125 (1986), the 
teachings of which are incorporated herein by 

25 reference. Figure 1 shows that the rate of FGF 

release from the bead surface is about 5-7% per day 
which corresponds to a release rate of approximately 
2 units per day for this dose formulation. About 
25% of the physically detected growth factor was 

30 found to have remained biologically active. 
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The above data confirms that growth factor can 
be bound to heparin coated dextran beads and be used 
in the fabrication of controlled release devices. 
The growth factor which might otherwise lose most of 

5 its activity with handling or encapsulation can be 
easily transported and enveloped after binding with 
heparin. The continuous, slow leaching of growth 
factor from the beads constantly replentishes the 
source of growth factor to be released from a CRD. 

10 These beads can be encapsulated within a controlled 
release device which stores the factor in the most 
biologically conservative form and provides for 
efficient encapsulation as well as an enhanced 
controlled release characteristic. 

15 Many different methods, such as hot melt or 

solvent casting, for example, can be used to encap- 
sulate hepar in-bound growth factors. As a preferred 
embodiment of a reservoir system, however, heparin- 
bound growth factor is encapsulated in microspheres 

20 of sodium alginate. In this method, a sodium 

alginate solution is mixed with a measured quantity 
of heparin-dextran beads containing bound growth 
factor. This suspension is dropped into a hardening 
solution of calcium chloride. Spheres are formed as 

25 drops of the suspension enter the hardening 

solution. The utimate size of the microspheres can 
be controlled by controlling the diameter of the 
orifice through which suspension droplets are 
formed. The porosity of the sodium alginate 

30 envelope is determined by the degree of crosslinking 
of the- alginate. The degree of crosslinking is 
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dependent upon the residence time of the spheres in 
the calcium chloride bath. The greater the 
residence time, the harder the sodium alginate wall 
becomes . 

5 Figure 2 is a release profile of FGF from 

sodium alginate capsules for capsules allowed to 
harden for five minutes. As in Figure 1, radio- 
labelled growth factor was used, and physical 
release was contrasted with biological activity. As 

10 demonstrated in Figure 2, a slow, steady stream of 
growth factor was released through the wall of the 
device at approximately 1 unit per day. 

The stream depicted in Figure 2 represents 
growth factor which has leached off the heparin- 

15 dextran beads and diffused through the calcium- 
hardened, sodium alginate envelope. Figure 2 also 
represents the bioactivity of the released FGF , 
showing that about 85% of the factor detected by 
125 I gamma counting can be detected by the 3T3 cell 

2Q synthesis assay. 

In contrast to FGF release profiles detected 
from similar beads not encapsulated, the bulk of 
what was released was released biologically intact. 
A number of possible explanations for this exist 

25 including the polymerization of inactivated forms 
within the microcapsule such that they are not 
released, and the retention of biological activity 
in the protected environment of the microcapsule. 
The heparin-dextran beads containing bound 

30 growth factor can also be incorporated into a 

matrix-type CRD. While numerous methods for forming 
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matrix CRDs are available, few are suitable for use 
with growth factors. In the preferred embodiment, 
FGF laden heparin-dextran beads are incorporated 
within the matrix using compression molding. In 
5 this method, a biologically inert polymeric .mate- 
rial, such as the preferred ethylene-vinyl acetate 
copolymer (EVAc) is ground into fine particles. The 
substance to be embedded, in this case the growth 
factor laden beads, is mixed with the particulate 
10 polymeric material. This mixture is then placed in 
a compression chamber and compressed on a high 
pressure press to cause the two substances to meld 
together into a single structure. This device can 
then be implanted into a patient to provide a 
15 sustained release of the growth factor. 

The beads of this invention have been mixed 
with EVAc and compressed. The resulting fabricated 
device had a generally supporting network of EVAc 
with interconnecting channels which housed the 
2 0 growth factor laden heparin-dextran beads. 

Although the devices described in detail herein 
have been sodium alginate capsules and EVAc 
matrices, the invention is not intended to be 
limited to these embodiments. Any number of non- 
25 erodable, synthetic biocompatible materials can be 

used in the devices described herein. Additionally, 
bioerodable polymers such as polyanhydrides , poly- 
lactic acids, polyglycolic acids and copolymers 
thereof can be used in the practice of this inven- 
30 tion. 
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Crosslinked dextran beads have been used as a 
substrate for the devices described herein, however, 
practically any biocompatible surface can be used as 
a substrate for heparin. Furthermore, a bead 
5 geometry was chosen for its large surface area; 

however, the substrate can be of any size or shape 
suitable for in vivo use. 

Equivalents 

Those skilled in the art will recognize, or be 
10 able to ascertain applying no more than routine 

experimentation, many equivalents to the specific 
embodiments described above. Such equivalents are 
intended to be encompassed within the following 
claims. 
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CLAIMS 

A device for controlling the release rate of a 
fibroblast derived growth factor which 
comprises a substrate having heparin or a 
heparin derived compound bound thereto and the 
growth factor bound to the heparin or heparin 
derived compound. 

A device as in Claim 1 wherein the substrate 
comprises beads. 

A device as in Claim 2 wherein the beads 
comprise crosslinked dextran beads. 

A device as in Claim 1 wherein said device 
further comprises an encapsulation means . 

A device as in Claim 4 wherein the encapsula- 
tion means comprises a sodium alginate en- 
velope. 

A device as in Claim 1 wherein said device is 
contained within a polymeric matrix. 

A device as in Claim 6 wherein the matrix 
comprises ethylene-vinyl acetate copolymer. 

A device as in Claim 6 wherein said device 
system is contained within a bioerodable 
polymer. 
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9. A device system as in Claim 8 wherein the 

bioerodable polymer is selected from the group 
consisting of polyanhydrides, polylactic acids, 
polyglycolic acids and copolymers thereof. 

5 10. A method for producing a device for the con- 
trolled release of fibroblast derived growth 
factors comprising the steps of: 

a. providing a substrate having heparin or a 
heparin-derived compound bound to the 

10 substrate surface; and 

b. contacting the substrate with the growth 
factor for a time sufficient to allow the 
growth factor to bind to the heparin or 
the heparin-derived compound. 

15 11. A method as in Claim 10 wherein the substrate 
comprises beads. 

12. A method as in Claim 11 wherein the beads 
comprise crosslinked dextran beads. 

13. A method as in Claim 12 wherein the heparin or 
2 0 heparin-derived compound is bound to the beads 

by a method comprising the steps of: 

a. contacting the beads with cyanogen ' bromide 

under conditions which activate the bead 

surface; and 

2 5 b. contacting the activated bead surface with 

the heparin or heparin-derived compound 
under conditions which allow the heparin 
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or heparin-derived compound to bind to 
substantially all of the bead surface so 
contacted. 



14. A method as in Claim 9 further comprising the 
5 step of encapsulating the growth- factor-bound 

substrate within a reservoir. 



15. A method as in Claim 14 wherein the growth- 
factor-bound substrate is encapsulated within a 
material comprising sodium alginate. 



10 16. A method as in Claim 15 wherein the encapsula- 
tion step comprises the steps of: 
a. mixing the growth- factor-bound substrate 

with a solution comprising sodium alginate 
to form a suspension; 
15 b. contacting droplets of the suspension with 

a hardening solution to. form spherical 
envelopes containing the suspension; and 
c. allowing the spherical envelopes to remain 
in the hardening solution until they have 
20 hardened to a desired degree. 



17 . A method as in Claim 16 wherein the hardening 
solution comprises calcium chloride. 



25 



18. 



A method as in Claim 10 further comprising the 
steps of encapsulating the growth-factor-bound 
subtrate within a polymeric matrix. 



A method as in Claim 18 wherein the polymeric 
matrix comprises ethylene-vinyl acetate co- 
polymer. 

A method as in Claim 18 wherein the encapsula- 
tion step comprises the steps of: 

a. providing a particulate polymer; 

b. mixing the growth-factor-bound substrate 
with the particulate polymer to provide a 
substrate/polymer mixture; 

c. compressing the substrate/polymer mixture 
under conditions which allow the growth- 
factor-bound substrate and the polymer to 
become melded into a single structure. 

A method as in Claim 18 wherein the polymeric 
material is bioerodable. 

A method as in Claim 21 wherein the bioerodable 
polymeric material is selected from the group 
consisting of polyanhydrides , polylactic acids, 
polyglycolic acids and copolymers thereof. 

A reservoir-type sustained release device for 

the sustained release of f ibroblast-derived 

growth factors which comprises: 

a. a biocompatible substrate having heparin 
or a heparin-derived compound bound 
thereto and the growth factor bound to the 
heparin or heparin-derived compound; 
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b. a sodium alginate solution surrounding the 
growth-factor-bound substrate; and 

c. a hardened sodium alginate envelope 
surrounding the solution and 
growth- factor-bound substrate. 

A matrix-type sustained release device for the 
sustained release of f ibroblast-derived growth 
factors which comprises: 

a. a biocompatible substrate having heparin 
or a heparin-derived compound bound 
thereto and the growth-factor-bound to the 
heparin or heparin-derived compound; and 

b. a polymeric matrix acting as a supporting 
framework having a plurality of inter- 
connecting channels which house the 
growth-factor-bound substrate. 
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